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PbSe is a surprisingly good thermoelectric material due, in part, to
its low thermal conductivity that had been overestimated in earlier
measurements. The thermoelectric figure of merit, zT , can exceed 1
at high temperatures in both p-type and n-type PbSe, similar to
that found in PbTe. While the p-type lead chalcogenides (PbSe
and PbTe) benefit from the high valley degeneracy (12 or more at
high temperature) of the valence band, the n-type versions are
limited to a valley degeneracy of 4 in the conduction band. Yet the
n-type lead chalcogenides achieve a zT nearly as high as the p-type
lead chalcogenides. This effect can be attributed to the weaker
electron–phonon coupling (lower deformation potential coeffi-
cient) in the conduction band as compared with that in the valence
band, which leads to higher mobility of electrons compared to that
of holes. This study of PbSe illustrates the importance of the defor-
mation potential coefficient of the charge-carrying band as one of
several key parameters to consider for band structure engineering
and the search for high performance thermoelectric materials.
energy ∣ semiconductor ∣ quality factor
Waste heat recovery using thermoelectric power generation isattracting considerable interest from the automobile indus-
try (1) as well as from many other areas (2). Large-scale produc-
tion of bulk materials with high figure of merit, zT , defined as
zT ¼ S2σT∕ðκe þ κLÞ (S is the Seebeck coefficient, σ is the elec-
tric conductivity, and κe and κL are the electronic and lattice ther-
mal conductivity, respectively), is the key to widespread adaption
of thermoelectric technology. The search for good thermoelectric
materials has focused on investigating semiconductors that have
suitable band structures and low thermal conductivities (3, 4). As
one of the first investigated material systems (5), PbTe and its
alloys have been extensively studied and remain some of the best
(6, 7) thermoelectric materials for applications from 500 to 900 K.
Considerable effort has been made to achieve a higher zT in
these alloys by reducing the lattice thermal conductivity, κL, by
incorporation of nanometer scale inclusions (8–11). Other stra-
tegies approach the challenge of increasing zT from different an-
gles, such as band structure distortion by Tl doping (12), and
more recently, increasing band degeneracy by converging two dif-
ferent valence bands in p-type PbTe (13).
It can be shown that the material parameter called the thermo-
electric quality factor, B,
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determines the optimized figure of merit (14–16) (NV is the band
degeneracy, mb is the density of states effective mass of a single
band, μ0 is the mobility at nondegenerate limit, and κL is the lat-
tice thermal conductivity). This expression is derived for semicon-
ductors with single band transport behavior where the carrier
concentration can be optimized to achieve maximum zT . For
good thermoelectric semiconductors the dominant scattering me-
chanism at high temperatures, where zT peaks, is typically due to
acoustic phonons. The deformation potential theory of Bardeen
and Shockley (17) enables the nondegenerate mobility, μ0, inB to
be replaced with parameters more descriptive of the band struc-
ture, namely the effective mass and deformation potential coeffi-
cient, Ξ, of the conducting band. This gives the resulting
expression when multivalley conduction is considered (18):
μ0 ¼
23∕2π1∕2ℏ4eCl
3mI ðmbkBTÞ3∕2Ξ2
; [2]
wheremI is the inertial effective mass and Cl is a combination of
elastic constants. The deformation potential coefficient describes
the change in energy of the electronic band with elastic deforma-
tion and thus describes the interaction, or coupling, between elec-
trons and phonons.
Including this relationship in the expression for B reveals
B ¼ T 2k
2
Bℏ
3π
ClNV
mIΞ2κL
: [3]
Because κL is generally independent of electronic band struc-
ture* (19), this relation for B suggests that Ξ is an important fac-
tor determining the maximum performance of a thermoelectric
material.
The high thermoelectric performance of p-type PbSe, a lower
cost analog of PbTe, has been a relatively recent discovery (20–
22). Originally, PbSe was thought to be significantly inferior to
PbTe because of higher thermal conductivity and lower band
gap (22). This turns out not to be the case at high temperatures
where zT is greatest. The lattice thermal conductivity of PbSe is
nearly as low as PbTe because of the larger (21) Grüneisen para-
meter of PbSe relative to PbTe while the band gap of PbSe in-
creases rapidly with temperature, actually exceeding that of PbTe
above 500 K (23, 24). Like with PbTe, the zT for PbSe can be
greater than 1 with dense samples, optimal doping, and utilizing
the thermal diffusivity technique for thermal conductivity mea-
surements. In this study, we have measured a peak zT for
Br-doped PbSe to be 1.1 0.1 at 850 K in five different samples,
using different measurement techniques in different institutions
on the same sample (see Fig. 1 and SI Material for comparison of
each property and zT for Br-doped samples measured at Caltech,
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Early measurement on optimally doped PbTe and PbSe had
overestimated the thermal conductivity, which has led to an un-
derestimate (7) of zT . This overestimation of thermal conductiv-
ity can be traced to the unavailability of data (25) or the technique
for high temperature thermal conductivity. Today the most used
technique for high temperature thermal conductivity is the flash
diffusivity method as opposed to the steady-state method because
of inaccuracies resulting from radiation losses during measure-
ment (26). Our thermal conductivity measurements on PbSe are
consistent with those of other laboratories using the same diffu-
sivity technique (some reported subsequent to the original sub-
mission of this manuscript). The thermal conductivity measured
by the steady-state method (22) is significantly higher than that
measured by five independent groups using the diffusivity tech-
nique (Fig. 1).
Additionally, high zT in p-type PbSe is attributed to the high
band degeneracy (NV ≥ 12) at high temperatures (13, 21). Con-
versely, the conduction band for PbSe has a much lower band
degeneracy of 4. With these attributes in mind, n-type PbSe
should not be expected to have high zT; nevertheless, with opti-
mized carrier density, zT is found to be as high as approximately
1.2 at 850 K, as shown below. The explanation for the surprisingly
large zT is a smaller deformation potential coefficient of the con-
duction band compared to the valence band, as evidenced by high
carrier mobility resulting from weak scattering.
N-type PbSe is formed by substitution of Se2− with a halogen,
such as Br−, with one conducting electron produced for each sub-
stituted atom. A slight amount of excess Pb is commonly used (25,
27) to minimize compensating metal vacancies that lead to p-type
conduction as well as to improve the mechanical strength. Br is
chosen in this study because it is closest in atomic size and elec-
tronic structure to Se and thus is expected to have minimal effect
on the carrier mobility.
The Hall carrier density (nH ¼ 1∕eRH;RH is the measured
Hall coefficient) can be tuned from 7 × 1018 to 5 × 1019 cm−3
by controlling the dopant concentration. The samples are iden-
tified with their Hall carrier density at 300 K for the following
discussion while their nominal compositions are given in SI
Material.
The measured values of nH are in good agreement with ex-
pected value based on Br content (Fig. 2). Exactly one electron
in the conduction band per Br atom is expected for PbSe1-xBrx
based on the simple valence principle, which provides a good
model for heavily doped thermoelectric semiconductors (28).
Earlier results on Cl doped PbSe appear to follow this valence
principle (22), while more recent results on Cl doped PbSe show
far fewer carriers than expected. The fewer than expected carriers
may indicate the presence of other bulk or surface defects that
lead to the reduced mobility of these samples (29).
PbSe is a small band gap semiconductor in which the direct
band gap forms between bands with small band mass (30).
The band extrema is located at the L point of the Brillouin zone
and has four equivalent ellipsoid pockets (24) (NV ¼ 4) that
dominate the transport properties for n-type PbSe. As with all
lead chalcogenides, the conduction band (and the light valence
band) have been shown to be nonparabolic (7, 23, 31–33), with
transport properties that can be well characterized by the single
Kane band (SKB) model (24). It is confirmed here that the SKB
model quantitatively explains the observed electronic transport
properties throughout the temperature and doping range dis-
cussed in this paper (SI Material).
Both the Seebeck coefficient and resistivity increase with in-
creasing temperature for the majority of the samples in this study,
as shown in Fig. 3 A and B, respectively. These trends are con-
sistent with degenerate semiconducting behavior.
The total thermal conductivity (Fig. 3C) decreases with tem-
perature, reducing to 1.0–1.4 W∕mK at 850 K, depending on the
doping level. The lattice thermal conductivity, κL, is calculated by
subtracting the electronic contribution (κe ¼ LT∕ρ) from the
measured total thermal conductivity, where L is calculated using
the SKB model. The κL for several optimally doped samples, as
well as the averaged value (dashed line), are shown in SI Material
and indicate a κL of approximately 0.8 W∕mK at 850 K, which is
consistent with the previously reported (21) value for κL of p-type
PbSe (approximately 0.6 W∕mK at 850 K)
The zT values as a function of temperature are shown in Fig. 4.
The optimal doping level is found to be around 3 × 1019 cm−3,
achieving zT as high as 1.2 at 850 K. The zT value of 1.0 ∼ 1.2 was
obtained in multiple samples with room temperature nH between
2.9 and 3.4 × 1019 cm−3 and whose transport properties were
measured both perpendicular and parallel to the hot press direc-
tion (SI Material).
It may be surprising that zT > 1 can be achieved in properly
doped n-type PbSe where a single band with a relatively small
NV ¼ 4 is responsible for the electronic transport properties.
In comparison, the light valence band of p-type PbSe with same
mb and NV as the conduction band has a much lower zT
(SI Material). Properly doped p-type PbSe achieves high zT at
high temperatures due to the influence of the heavy valence band,
which produces an extraordinarily large number of valleys
(NV ≥ 12) (13, 21). Thus, high zT in n-type PbTe suggests an
advantage in the character of the conduction band that compen-
sates for the relatively low number of degenerate valleys. The
accuracy of the SKB model in characterizing carrier transport
in the light bands at the L point, in combination with the fact that
Fig. 1. A comparison of thermal conductivity of PbSe measured using the
steady-state method and the laser flash method. Data are shown in two dif-
ferent groups (details shown in SI Material) according to the carrier density.
All the laser flash measurements show similar behavior despite the differ-
ences in composition, while the steady-state method gives higher thermal
conductivities.
Fig. 2. The measured Hall carrier density as a function of Br concentration.
The observed value matches reasonably well with expected value using the
single Kane band model (SKB) or single parabolic band model (SPB).
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the effective mass and elastic properties (i.e., Cl) of the n-type
and p-type PbSe are found to be the same, allow for the compen-
sating effect in the n-type material to be traced to the deforma-
tion potential coefficient (Ξ), as discussed below.
Fig. 5A shows the Seebeck coefficient versus Hall carrier
density at 300 K for both n- and p-type samples. The agreement
of the calculated curve for both materials indicates that the den-
sity of states effective mass, m ¼ NV 2∕3mb , is the same
(m ¼ 0.27me) for both the conduction band and the light
valence band. In addition, the speed of sound was measured
and found to be comparable (vl ≈ 3;200 m∕s, vt ≈ 1;700 m∕s)
for both p- and n-type PbSe. By these consistencies, it is implied
that the parameter Cl, determined by the elastic moduli, remains
unchanged for both n- and p-type samples.
Fig. 5B shows the Hall mobility (μH) of n- and p-type samples
at 300 K as well as data reported by Smirnov (34), Allgaier (35),
and Androulakis (29). The p-type samples are selected such that
the carrier density is relatively low and thus the influence from
the heavy band at this temperature is negligible. It is clearly seen
that the mobility of the n-type material is much higher than that
of the p-type material over the entire carrier density range [there
are previous studies supporting this result (34, 36, 37), while there
are also other reports suggesting that the mobility is similar be-
tween n- and p-type PbSe at room temperature (35, 38)]. Further-
more, the SKB model provides excellent prediction of μH vs. nH
at 300 K for both n- and p-type materials at high doping levels
where acoustic phonon scattering is the dominant mechanism.
The curves to model the mobility data for each material can
be obtained by using different deformation potential coefficient
values (in absolute value), while all other model parameters are
the same: for n-type samples, the parameter is Ξ ¼ 25 eV, while
for p-type samples, Ξ ¼ 35 eV. The deformation potential coef-
ficient represents the degree to which the charge carriers interact
with phonons in the material. Therefore, the lower Ξ value in the
n-type material reveals that the carriers are less scattered by
acoustic phonons in the conduction band compared with those
in the valence band.
The result that Ξ is approximately 10 eV smaller in the con-
duction band than in the light valence band is supported by both
calculations and experimental characterization of the optical
deformation potential, Diso, of both PbSe and PbTe. By defini-
tion, Diso is calculated by subtracting the isotropic deformation
Fig. 3. Thermoelectric transport properties of Br-doped PbSe as function
of temperature. (A) Seebeck coefficient, (B) resistivity, and (C) thermal
conductivity.
Fig. 4. zT as function of temperature for Br-doped PbSe.
Fig. 5. Thermoelectric properties of n-type and p-type PbSe. (A) Seebeck
coefficient and (B) Hall mobility as function of Hall carrier density at
300 K. All curves are calculated from SKB model.
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potential, which is related to Ξ (39), of the valence band from
that of the conduction band, where both values are negative for
lead chalcogenides. Zasavitskii (40) determined Diso ¼ 14 eV at
295 K for PbSe in quantum well structures from photolumines-
cence and X-ray diffraction data. Ferreira (41) calculated Diso to
be approximately 10 eV for PbTe using the Augmented-Plane-
Wave method. These values are in reasonable agreement with
the Diso estimated from the elastic moduli (42) and the experi-
mental change in band gap due to pressure (24) [approximately
13 eV for PbSe, approximately 10 eV for PbTe (41)] as well as
thermal expansion and temperature dependence of the energy
gap (24) [approximately 21 eV for PbSe, approximately 15 eV
for PbTe (41)] using the relationship given by Ferreira (41).
The temperature dependent Seebeck coefficient and resistiv-
ity of both n- and p-type PbSe are compared with the SKB
model results and shown in Fig. 6 A and B, respectively. The
two samples shown have approximately the same carrier density
(nH;300 K ∼ 3 × 1019 cm−3). Using parameters determined in this
work, the SKBmodel successfully predicts both the Seebeck coef-
ficient and resistivity for n-type PbSe up to 850 K. The SKB mod-
el is poor for p-type PbSe, especially at high temperatures, due to
the transport behavior resulting from two contributing bands.
Most importantly, it is clearly seen that at lower temperatures,
where the light valence band dominates the transport properties
of p-type PbSe (Fig. 6B), n-type PbSe shows much weaker carrier
scattering (due to smaller Ξ) than p-type material, resulting in a
lower resistivity, and ultimately high zT .
In the single Kane band model, the same quality factor B de-
fined by Eq. 3 is found to characterize the suitability of the band
structure through the expression of zT:
zT ¼

1F1−2
0F1−2
− ξ

2
∕

2F1−2
0F1−2
−

1F1−2
0F1−2

2

þ B−1ð30F1−2Þ−1

:
[4]
The ξ and nFml (see SI Material for definition) dependent
terms can be optimized via carrier density tuning. Subsequently,
the maximum zT one could achieve for the optimized carrier den-
sity is determined by the quality factor B. In p-type PbSe the ef-
fective band degeneracy,NV , is large because of the convergence
of two different valence bands, which leads to a large B and high
zT . In n-type PbSe, althoughNV is smaller, high zT is achieved as
a result of comparable quality factor, B, which stems from a smal-
ler Ξ.
Ξ for a few semiconductor systems are found in the range of
5 to 35 eV (SI Material). Given a certain material system, the
maximum zT achieved by carrier density tuning would be further
increased if the deformation potential of bands participating in
carrier transport could be engineered. The latter has been shown
possible at least in low dimensional systems: Murphy-Armando
and Fahy (43) found that the deformation potential of Γ band
of n-type Ge film is decreased with strain. Also, in Si thin films
embedded between hard layers of diamond (44), the mobility is
found increased due to suppressed deformation potential elec-
tron–phonon scattering.
Since the original submission of this manuscript there have
been reports on transport properties in n-type PbSe doped with
group III elements (45) and chlorine (29), as well as nanostruc-
tured (46) PbSe1-xSx. Our discussion here involves complemen-
tary phenomena that should have some applicability to these
results.
In summary, n-type PbSe doped with Br achieves zT values
exceeding 1 at 850 K, similar to that found in p-type PbSe, making
PbSe a competitive and less expensive alternative to PbTe for both
types. In p-type PbSe, high zT is achieved due to the convergence
of the light and heavy valence bands, acting to effectively increase
band degeneracy. In n-type PbSe, with relatively low band de-
generacy, high zT is achieved as a result of a low deformation
potential coefficient characterizing weak scattering of the charge
carriers in the conduction band. This study demonstrates the im-
portance of the deformation potential coefficient in selecting and
engineering optimum band structures for thermoelectrics.
This paper highlights a discrepancy between thermal conduc-
tivity data obtained via commonly accepted laser flash method
compared to the less commonly used steady-state method such
as that performed by the Ioffe Institute. Because the Ioffe tech-
nique includes a radiation shield and finds no significant error
resulting from radiation losses during measurement, there is no
reason to believe the Ioffe data are less reliable. Thus, it will be
important to the field to organize a comprehensive comparison
between the two methods.
Materials and Methods
Polycrystalline samples of Pb1.002Se1-xBrx with x changing from 0.04%
to 0.4% were prepared using a melt alloying and hot pressing technique.
Pure elements and PbBr2 (Pb, 99.999%; Se, 99.999%; PbBr2 99.999%, ultra
dry) wereweighed out according to each composition and loaded into quartz
ampoules, which were then evacuated and sealed. The sealed ampoules
were slowly heated up to 1,400 K and kept for 12 h followed by a water
quench. The ingots obtained were further annealed at 950 K for 72 h before
being crushed and ground into fine powders. The powders were then hot
pressed (47) at 873 K under 1 atm argon with 40 MPa pressure for 20 min,
followed by another 60 min of annealing at 873 K without pressure. A typical
disk shaped sample obtained is 12 mm in diameter, approximately 1 mm in
thickness, with density no less than 98% of theoretical density (8.27 g∕cm3).
Samples were single phase according to XRD results on the hot pressed disks.
Analysis by a scanning Seebeck probe showed homogeneous Seebeck coeffi-
cient with standard deviation of 3.7 μV∕K (approximately 5% in Seebeck
coefficient).
Fig. 6. Thermoelectric properties (A) Seebeck coefficient and (B) resistivity
for n-type and p-type PbSe having similar carrier density. All curves are cal-
culated from SKB model (note that the calculated Seebeck coefficient for the
n- and p-type is the same and does not depend on Ξ) showing that while the
n-type data fits the SKB model at all temperatures well, the p-type shows
deviations at higher temperature due to two-band behavior.
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The in-plane resistivities and Hall coefficients (RH) were measured using
the Van der Pauw method in a magnetic field up to 2 T. The free surface
of the sample was coated with insulating BN, which successfully prevented
sample degradation at high temperature in vacuum. The Seebeck coefficients
were obtained along the cross-plane direction by measuring the thermoelec-
tric voltages as well as temperatures (48). The cross-plane thermal conduc-
tivities were obtained from κ ¼ dDTCp, with the thermal diffusivity DT
measured by the laser flash method (Netzsch LFA 457), where d is the geo-
metric density. The heat capacity Cp was determined using the equation
Cp∕kB atom−1 ¼ 3.07þ 4.7 × 10−4 (T∕K-300) based on experimental results
(49) and is believed to be accurate for lead chalcogenides (7, 13, 21, 50, 51).
All the measurements were carried out under vacuum, and data were col-
lected during both heating and cooling with both datasets shown. As seen in
the figures, no hysteresis was observed. In addition, the temperature depen-
dent resistivities were retested after the other high temperature measure-
ments were done, and no appreciable change was found. The uncertainty
of each measurement is estimated to be approximately 5%, which combined
leads to approximately 20% uncertainty for zT. More details about the mea-
surement uncertainty are discussed in the supplementary material.
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